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Abstract
One way to save time, cost, and to provide an alternative to lightweight concrete in construction projects is to reduce 
the number of installed insulations on precast wall panels and to improve the properties of normal weight concrete 
panels, respectively.  These goals can be achieved by improving the three properties of precast panels, such as thermal 
resistance, fire resistance, and heat capacity by using perlite as insulation.  The main goals of this paper are getting 
buildings constructed or modified in less time and cost by producing superior wall panels and improving the properties 
of normal weight concrete panels.  Superior wall panels are new panels that provide the three properties listed above.
The results from sample calculations indicate considerable improvement in these properties and significant savings in 
terms of construction time and costs.  
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1. Introduction 
Precast hollow core panels are building elements widely used in many applications such as load-bearing 
walls, non-load-bearing walls, slabs, etc.  These panels are cast with different hollow core sections 
(circular, rectangular, etc.).  On one hand, casting panels with cores throughout their length reduces their 
weight and cost [1].  On the other hand, the created cores throughout precast panels impact the properties of 
these panels, such as fire resistance rating, and heat capacity.  To reduce time, cost of construction, and to 
improve the three properties of precast wall panels with keeping the advantages of the cores in reducing 
weight and cost of the precast panels, loose-fill perlite can be used throughout the hollow cores. Perlite is 
accounted for its special properties, such as high softening point, low thermal conductivity, etc. Besides, it 
is a time saving construction material.  That is why perlite is more preferred than any other construction
material and used in many applications, such as insulation inside cavity walls, concrete masonry block, and 
as coarse aggregate for concrete [2].  In this research, many panels with different cross sections were
studied with typical cross sectional dimensions (ͺԢԢ ൈ ʹͶԢԢ ൈ ͻͲԢԢ). The cross sections are developed from a 
typical hollow core cross section that is chosen from Precast and Prestressed Concrete Institute [1].  Then 
this chosen cross section is modified many times leading to noticeable improvements in the properties of 
the changed cross sections as shown in Figure 1 with details presented in Table 1.
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Table 1.  Details of the wall panels  
Wall panel                                              Concrete type                          Density, lb/cf               Thermal conductivity, Btu.in/hr.ft2.Ԭ
P1, P9, P11                                            Normal weight                                145.67                   11.16                             
P3, P10, P12                                          Lightweight                                   108.7                                                 6.21
P1, P3 P9, P10
P11, P12
Fig. 1. Cross sections of the wall panels
2. Fire resistance
In general, designers design buildings to provide fire resistance by combining active protecting systems 
with passive systems.  Active protecting systems include smoke alarms and fire sprinklers while passive 
protecting systems include improving fire resistance of building components and optimizing the layout of 
the buildings that slow the spread of fire through building elements, such as walls, floors, and roofs [4].  
Since perlite is known with its high fire resistance rating property, loose-fill perlite is used as filler material 
through hollow cores of precast panels as new passive way to enhance the fire endurance rating of the 
precast concrete walls.  The new passive way can be used for both newly constructed and modified
buildings.
2.1. Factors affecting fire resistance of building elements 
Many factors influence fire resistance of building elements (for example, walls, floors, slabs, etc.), such as 
density of concrete, type of aggregate, geometry of panel, total panel thickness, etc.  According to ACI [7] 
procedure, the fire resistance rating of concrete walls can be determined after defining their equivalent 
thickness and type of aggregate.
Equivalent thickness of panels impacts fire resistance of concrete walls.  The amount of solid per unit area 
of an element affects the fire endurance of this element.  The equivalent thickness of a hollow unit is 
usually defined as the product of the over-all thickness of a unit and the ratio of its net volume to its gross 
volume [5].  The type of aggregate affects fire rating of concrete panels.  Published results for performed 
studies on groups of slabs with different types of aggregate showed that concrete containing siliceous 
aggregate results in a lower fire endurance.   In contrast, concrete comprising expanded shale results in a 
higher fire endurance and carbonate concrete provides an intermediate fire endurance [6]. 
2.2 Equivalent thickness formula
National research council [5] provided a formula for determining equivalent thickness of concrete units:                        
ݐ௘ ൌ ݐ ୚೙௏೟ (1)
Where:  te: equivalent thickness, in.
t: overall thickness of the unit, in.
Vn: net volume of the unit, in3. 
Vt: gross volume of the unit, in3.
2.3 Fire resistance rating of concrete walls
American Concrete Institute [7] provided a standard method for determining fire resistance of concrete and 
masonry construction assemblies as presented in Table 2, which estimates fire resistance for concrete walls 
after specifying their equivalent thickness in inch units and defining the type of aggregate that they contain 
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(for example, siliceous, lightweight, etc.).  Fire resistance rating is calculated in hourly increments.
Table 2.  Fire Resistance of Singular Layer Concrete Walls (ACI 216.1, 1997)
Aggregate type     Minimum equivalent thickness for fire resistance rating, in     
1 hr  1 ½ hr       2 hr          3 hr       4 hr
Siliceous           3.5      4.3            5             6.2         7.0    
Carbonate          3.2       4.0             4.6           5.7           6.6 
Semi- lightweight 2.7   3.3      3.8           4.6            5.4
Lightweight      2.5      3.1             3.6           4.4            5.1         
2.4 Equivalent thickness of hollow core sections filled with perlite                                        
Since laboratory tests approved that perlite has high fire resistance rating, the equivalent thickness of 
hollow core concrete panels filled with perlite is equal to their total thickness as stated by ACI [7]. For 
precast concrete panels with hollow cores throughout their length, the equivalent thickness should be 
calculated.  When the hollow cores of the precast panels are filled with loose-fill material, such as perlite, 
vermiculite, sand or expanded shale, clay, slag or slate, the fire resistance of these panels is equal to that of 
the solid panels of the same type of concrete [7]. 
2.5 Fire resistance calculations
Fire resistance for panels with different cross sections is calculated by adopting Table 1 after calculating 
their equivalent thickness according to formula 1.  The fire resistance for these panels is calculated before 
and after adding perlite and summarized in Table 3.  Additionally, Figure 2 illustrates the results of fire 
resistance calculations for all of P9, P10, P11, P12 wall panels.
Table 3.  Fire resistance rating results
Wall panel    Fire resistance rating before adding perlite, hr                   Fire resistance rating after adding perlite, hr         
P9 1.56                                                4
P10 2.74                                                 4
P11 0.95                                                 4
P12 1.52                                                 4
2.6 Advantages of perlite as fire barrier 
Perlite Provides an Alternative to LW Concrete: As it is noticeable from the calculations the increase rate 
of fire resistance rating after adding perlite is greater for panels with normal weight concrete than panels 
with lightweight concrete with the same cost (for the same cross sections and same technical data).  Thus, 
designers can use normal weight concrete panels instead of lightweight concrete panels as fire barrier in 
buildings after improving their fire resistance rating by using loose-fill perlite.  
Perlite Decreases Dead Loads of Buildings and Cost of Concrete: California Building Code [8] specified 
that concrete alone should participate in resisting fire for not less than one-half of the total required fire 
resistance rating.  Thus, adding perlite to hollow core sections handles this requirement and enables 
designers to reduce the thickness of wall panels with keeping the same fire endurance.  For instance, the 
decrease rate of thickness for the P10 wall panel is 45.13%, minimizing the dead load of precast wall panels, 
beams, columns, and as a result saving the cost and time of construction.  
Perlite Acts as Active System and Passive System: By enhancing the fire endurance of precast wall panels, 
perlite serves as substitute for the active protecting system when the active protecting system is not 
operational due to availability of resources.  This property benefits in increasing the fire resistance of the 
precast panels and slowing the spread of fire through buildings. 
Perlite Improves the Performance of Thermal Mass: The performance of massive walls depends on how 
well they are exposed to the interior conditioned-air to absorb the most amount of the generated heat inside 
buildings.  As a result, the need for air-conditioners and heating equipment is less, minimizing the utility 
bills.  Covering walls with insulation having R-value greater than 0.5 h. ft2.Ԭ/Btu and low thermal 
diffusivity will reduce the storage capacity of these walls [9].
Perlite Saves Time and Cost of Construction: The labor cost to install one layer of gypsum wallboard per 
panel ሺʹͶᇱᇱ ൈ ͻͲᇱᇱሻ was found to be approximately $15.75 per panel per layer.  Besides, the cost of ͷȀ
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ͺԢԢgypsum wall board type X is $4.28 per panel per one layer.  Thus, if the fire endurance of the P9 wall 
panel is 1.56-hour before adding perlite and 4-hour after adding perlite, so 3.66 gypsum wallboards are 
needed to provide 4-hour fire endurance.  If these boards are installed on this wall panel, the cost of boards 
is approximately $15.65.  While, the cost of perlite that is used in this panel is $6.96 if it is considered just 
as a fire resisting material without considering its importance as thermal resisting material. Moreover, after 
providing an alternative to lightweight concrete as explained in the first point, that saves the cost of 
construction projects because normal weight concrete is cheaper than lightweight concrete. 
Fig. 2. Fire resistance rating of the P9, P10, P11, and P12 wall panels.
3. Thermal resistance 
Thermal resistance (R-value) can be defined as the ability of the building elements to prevent heat 
transmitting through them.  Improving thermal resistance for buildings results in economic and 
environmental benefits.  First of all, economic advantages, preventing heat transmission to inside a building 
from outdoor space or throughout a building helps in maintaining the same temperature degrees (cool or 
warm) inside the building for a longer time. As a result, the need for air-condition equipment and 
electricity is less.  Secondly, environmental advantages, the greater the thermal resistance, the less the 
power plants are needed; the less the carbon dioxide gases are emitted.  Since, perlite is known with its low 
thermal conductivity, an analysis is performed to find out the rate of improvement in the behavior of 
precast wall panels as thermal resisting elements after exploiting their hollow cores and filling them with 
loose-fill perlite.
3.1 Basic equations 
Thermal conductivity can be calculated by applying formula (2):                                                              
ܭ ൌ ௤௧
ο்
(2)
Thermal conductance can be calculated by applying formula (3):                                                               
ܥ ൌ ௤
ο்
(3)
Thermal resistance can be calculated by applying formula (4):                                                               
ܴ ൌ ο்
௤
ൌ ଵ
஼
ൌ ௧
௄
(4)
Where: K: Thermal conductivity, Btu.in/hr.ft2.Ԭ
q: Heat transfer rate, Btu/hr
t: Thickness of a material, in 
οT: Temperature difference, Ԭ
C: Thermal conductance, Btu/hr.ft2.Ԭ
R: Thermal resistance, hr.ft2.Ԭ/Btu  
3.2 Thermal conductivity 
Thermal conductivity of materials is determined in accordance with ASTM C 177 or ASTM C 236 [10].  
Thermal conductivity is different from a material to another; it mainly depends on the density of the 
material.  
Thermal conductivity of perlite can be found from Figure 3, which illustrates the relationship between the 
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density of perlite and its thermal conductivity.  
Fig. 3. Thermal conductivity of perlite at mean temperature 75 Ԭ [3].
Thermal conductivity of concrete is a dependent function of its density and the type of aggregate.   
Moreover, Kc of lightweight concrete is a dependent function of volume fraction of aggregate and moisture 
content; Kc is inversely proportional with these variables [11].  The Kc of concrete is considered as 
published by ACI [10] and included in Table 1.  In addition, all of thermal conductivity of air spaces and 
surfaces shall be considered.  Valore et al. [12] published that “The air space can be treated as a material 
with an effective thermal conductivity equal to layer thickness divided by thermal resistance of the space;
the effective thermal conductivity of the undivided space is thickness/Rsp.”.  Kc of surfaces is taken from 
tables published by PCI Design Handbook [13].  
3.3 Methods for estimating thermal resistance 
Many methods are available to calculate R value, such as the parallel-path method, and the series-parallel 
path method (also known as Isothermal).  The geometry of the precast panel and layers arrangement of 
panels specify the heat transfer through the precast panel and the method to be used in calculating its 
thermal resistance. 
Series-Parallel Path Method: It is also known as isothermal planes method. The isothermal method assumes 
that heat transfers through paths with the least resistances resistance [10]. 
To calculate R-value of the precast wall panels the notation in Figure 4 and the equations 5 through 11 are 
used [14]: 
Fig. 4. Notation
Thermal resistance of an assembly can be calculated by applying formula (5):
ܴ ൌ ܴ௜ ൅ ܴ௦ ൅ ோ೎ೌೡ೔೟೤ோೢ௔೎ೌೡ೔೟೤ோೢା௔ೢோ೎ೌೡ೔೟೤ ൅ ܴ௦ ൅ ܴ௢ (5)
Formula (6) calculate thermal resistance of face shell:
ܴ௦ ൌ ௑ೞ௄೎ (6)
Thermal resistance of cavity and webs as combination can be calculated by applying formula (7):
ܴ௖௔௩௜௧௬ǡ௪ ൌ ோ೎ೌೡ೔೟೤ோೢ௔೎ೌೡ೔೟೤ோೢା௔ೢோ೎ೌೡ೔೟೤
(7)
Cavity thermal resistance can be calculated by applying formula (8):
ܴ௖௔௩௜௧௬ ൌ ௑ೢ௄೎ೌೡ೔೟೤ (8)
Formula (9) calculate thermal resistance of webs:
ܴ௪ ൌ ௑ೢ௄೎ (9)
Percentage of cross sectional area not taken by webs expressed as decimal number can be calculated by 
applying formula (10):   
ac = 
ସ௬௛
௅௛
(10)
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Percentage of web cross sectional area as decimal number can be calculated by applying formula (11):                        
aw = ͳ െ ሺସ௬௛௅௛ ሻ (11)
Where:  Ri: Inside air film resistance
Ro: Outside air film resistance
h: Height of panel
y: width of cavity
Xs: Thickness of face shell
Xw: Thickness of core-web
Kc: Thermal conductivity of concrete
Kcavity: thermal conductivity of cavity
Characteristic Section Method: The method is used to estimate the effect of solid concrete path thermal 
bridge.  Thermal bridges are used to connect the outer concrete wythes of precast wall panels like the outer 
wythes of sandwich wall panels; thermal bridges cause increasing in thermal transmission.  Depending on 
the position of thermal bridges and insulation, the panel is divided into two parts.  The first part is treated as 
a totally insulated panel without any thermal bridges while the second part is treated as a totally solid part 
without any insulation [13].  The size of totally solid region (uninsulated concrete region) of the panel is 
larger than its actual size, therefore, the size of the affected zone should be added to the size of solid 
concrete region to find the modified size of the solid region that will be used in the calculations. PCI 
Design Handbook [13] provided the equations 12 through 14 to calculate the size of the affected zone Ez:
ܧ௭ ൌ ͳǤͶ െ ͲǤͳሺݐ௜௡ሻሺߙሻ ൅ ሾͲǤͶݐ௖௙ ൅ ͲǤͳ൫ݐ௖௕ െ ݐ௖௙൯ሿߚ
(12)
ߙ ൌ ͳ ൅ ʹǤʹͷሺ௄೔೙ି଴Ǥଶ଺
଴Ǥଶ଺ ሻ (13)
ߚ ൌ ͳ ൅ ͳǤͶͷͺሺ௄೎೚೙ିଵଶǤ଴ହ
ଵଶǤ଴ହ ሻ
(14)
Where:   Ez : size of the affected zone, in  
tin: Thickness of the insulation layer, in  
tcf : Thickness of concrete face wythe, in  
tcb: Thickness of concrete back wythe, in  
Kin: Thermal conductivity of insulation layer, Btu.in / [hr. ft2.hr]  
Kcon: Thermal conductivity of concrete, Btu.in / [hr. ft2.hr]   
Then, to calculate R of the wall panels the following equations are needed as published by PCI [13]: 
ଵ
ோ
ൌ ஺ᇲೞ
ோೞ
൅ ஺ᇲ೛
ோ೛
(15)
ܣᇱ௦ ൌ ஺ೞ஺೟ (16)
ܣᇱ௣ ൌ ஺೛஺೟ (17)
Where:  R: Thermal resistance of panel, hr.ft2.Ԭ/Btu
Rs: Thermal resistance of the solid area, hr.ft2.Ԭ/ Btu
Rp: Thermal resistance of the insulated area, hr.ft2.Ԭ/ Btu
As: Area of the solid region 
Ap: Area of the insulated region
At: Total area of the panel
3.4 R-values of the wall panels
As, it is mentioned previously the chosen cross section from Precast and Prestressed Concrete Institute was 
modified many times after filling it with loose-fill perlite in a way leading to increasing the R-value of the 
changed cross sections as illustrated in Table 4.  P1 and P3 wall panels are the original panels without perlite 
while all of P9, P10, P11, and P12 are the changed cross sections with perlite insulation.
Table 4. R-values of the wall panels  
Wall panel    Type of concrete R-value 
P1                        NW                                2.35
1072   AL kulabi Ahmed and Hakob Avetisyan /  Procedia Engineering  145 ( 2016 )  1066 – 1073 
P3                         LW                               2.75         
P9                         NW                                5.28
P10                      LW                                 7.10
P11                      NW                                 6.22
P12                      LW                                8.70
3.5 Advantages of perlite as thermal insulator
As it can be noticed from the results, R-value of the precast wall panels was improved for both of normal 
weight and lightweight precast wall panels after adding loose-fill perlite to them.  As a result the following 
advantages can be obtained:
x Providing more comfortable living environment for residents by blocking the heat transmission from the 
outdoor space into indoor conditioned air during hot weathers and vice versa during cold weathers.  
x Saving energy bills by keeping the indoor generated heat from lights, people, equipment, etc. for a longer 
time, minimizing the need for electrical equipment [13]. 
x Reducing the need for installing many layers of foam boards, which are used to provide thermal 
resistance, consequently, reducing by that all of time and cost of construction.  
x Reducing again the time and cost of construction by canceling the need for installing secondary cladding 
system, which is used to support foam boards when their thickness is more than 1 ½ inch according to the 
requirements of U.S. Department of Energy [15].     
4. Heat capacity
Thermal masses of walls, concrete, slab, etc. are useful in saving energy, and potentially reducing carbon 
dioxide equivalent (CO2e) emissions.  Thermal masses their role in saving and releasing heat energy as 
battery.  In hot climates, they reduce the temperature peaks and diminish the problems of overheating while 
in cooler climates they reduce the need for heating energy requirements. 
4.1 Basic equation
Heat capacity can be calculated for any material by applying formula (18):  
ܪ௖ ൌ ߛ ݐ ܥ (18)
Where: Hc: Heat capacity of a material in Btu/ (ft2.Ԭ) 
ܵ: Density of the material in lb/ft3
t: Thickness of the material in ft 
C: Specific heat of the material in Btu/lb.Ԭ
4.2 Heat capacity calculations 
The value of specific heat of all of normal weight and lightweight concrete are 0.21 and 0.22 Btu/lb.Ԭ,
respectively [10]. Table 5 includes the values of the ܪ௖ for four wall panels before and after adding perlite.  
Table 5. Heat capacity values  
Panel  HC before adding perlite   HC after adding perlite 
P9                               11.71                  12.04
P10                               8.34                        8.67
P11                               8.87                       9.3
P12                             6.32                         6.75
4.3 How perlite improves the behaviour of thermal masses 
x By improving the fire resistance and thermal resistance of precast wall panels, less layers of insulations 
shall be needed, increasing the absorbed amount of heat energy by these walls.  The most affecting factor 
on the performance of thermal masses is how well they are in contact with the interior conditioned-air ACI 
[10].
x By increasing the value of Hc of the precast wall panels, less energy will be consumed.  Gajda [16]
conducted a study to find out the annual energy costs in U.S. dollars for houses in twenty-five cities across 
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the U.S. and Canada. The houses were constructed from eight different types of massive walls.  Only two 
massive walls (engineered sandwich wall panel and cast-in-place concrete wall with interior insulation) 
were reviewed because they had the same U-value and almost same Hc where the difference in their Hc is 
just 0.1 Btu/lb.Ԭ. This 0.1 Btu/lb.Ԭ difference in Hc saved approximately 68.75 U.S. dollars in a year. 
Appendix A
This appendix includes sketches showing the affected zone for each of P9, P10, P11, and P12 wall panels.  
As it is mentioned previously, size of affected zone of the panels should be specified to calculate their R-
value according to characteristic section method.                                 
a                                                b                                                    
Figure A.1 Affected zones :a) Affected zones of the P9 and P10 wall panels, b) Affected zones of the P11 and P12 wall panels.
References 
[1] Precast and Prestressed Concrete Institute, PCI manual for the design of hollow core slabs, second ed., Precast and Prestressed 
Concrete Institute, Chicago, Illinois, 1998.
[2] Supreme Perlite Company, General information about perlite, http://www.perlite.com/faqs.htm, retrieved from 2003.
[3] Silbrico Corporation, Background information about perlite, retrieved from http://www.silbrico.com/, 2014.
[4] Ashley, E., Fire resistance of concrete structures, Technical Aspects of Fire Resistance and Concrete Structural Components, 
National Ready Mixed Concrete Association, 2007. 
[5] Allen, L. W., and Harmathy, T. Z., Determination of equivalent thickness of Concrete masonry Units, National Research Council, 
Ottawa, Canada, 1971.  
[6] Kodur, V.K.R, and Bisby, L., Evaluation of fire endurance of concrete slabs reinforced with FRP Bars, National Research Council 
Canada, 2005. 
[7] American Concrete Institute, Standard method for determining fire resistance of concrete and masonry construction assemblies, 
American Concrete Institute, 1997.
[8] International Code Council, California Building Code, Fire resistance-rated construction, retrieved from 
http://publicecodes.cyberregs.com/st/ca/st/b200v07/st_ca_st_b200v07_7_sec021.htm, 2007, title 24, part 2. 
[9] Expanded Shale, Clay, and Slate Institute, Properties of walls using lightweight concrete and lightweight concrete masonry units, 
Expanded Shale, Clay, and Slate Institute, Salt Lake, Utah, 2007.  
[10] American Concrete Institute, Guide to thermal properties of concrete and masonry systems, American Concrete Institute, 2002.
[11] Unal, O., and Uygunoglu, T., Investigation of properties of hollow and low strength concrete masonry units with pumice 
aggregate, International Scientific Publications: Materials, Methods and Technology, 2007, Vol.1, ISSN 1313-2539.  
[12] Valore, R., Tuluca, A., and Caputo, A., Assessment of the thermal and physical properties of masonry block products, The 
National Program for Building Thermal Envelope Systems and Materials, retrieved from U.S. Department of Energy 
Conservation and Renewable Energy Office of Buildings and Community Systems Building Systems Division, 1988. 
[13] Precast and Prestressed Concrete Institute, PCI Design Handbook, seventh ed., Precast and Prestressed Concrete Institute, 
Chicago, IIIinois, 2010. 
[14] Perlite Institute Inc., Thermal performance of masonry walls insulated with perlite, Technical Data Sheet, Perlite Institute Inc., 
1982, pp. 2-6.  
[15] U.S. Department of Energy, Expert meeting report: cladding attachment over exterior insulation, 2013.  
[16] Gajda, J., Energy use of single-family houses with various exterior walls, Research and Development Information, Portland 
Cement Association and Concrete Foundations Association, Skokie, Illinois, 2001.
